Abstract -The objective of this paper was to develop sample entropy (SampEn) as a novel surface electromyogram (EMG) biomarker to quantitatively examine poststroke neuromuscular alternations. The SampEn method was performed on surface EMG interference patterns recorded from biceps brachii muscles of nine healthy control subjects, fourteen subjects with subacute stroke, and eleven subjects with chronic stroke, respectively. Measurements were collected during isometric contractions of elbow flexion at different constant force levels. By producing diagnostic decisions for individual muscles, two categories of abnormalities in some paretic muscles were discriminated in terms of abnormally increased and decreased SampEn. The efficiency of the SampEn was demonstrated by its comparable performance with a previously reported clustering index (CI) method. Mixed SampEn (or CI) patterns were observed in paretic muscles of subjects with stroke indicating complex neuromuscular changes at work as a result of a hemispheric brain lesion. Although both categories of SampEn (or CI) abnormalities were observed in both subacute and chronic stages of stroke, the underlying processes contributing to the SampEn abnormalities might vary a lot in stroke stage. The SampEn abnormalities were also found in contralateral muscles of subjects with chronic stroke indicating the necessity of applying interventions to contralateral muscles during stroke rehabilitation. Our work not only presents a novel method for quantitative examination of neuromuscular changes, but also explains the neuropathological mechanisms of motor impairments and offers guidelines for a better design of effective rehabilitation protocols toward improved motor recovery.
Index Terms-Neuromuscular changes, biomarker, sample entropy, stroke, surface electromyography.
I. INTRODUCTION

S
TROKE is the leading cause of acquired disability in adults worldwide [1] . The interruption of the corticospinal tract after stroke is the leading cause of hemiplegia [2] . However, the effect of a hemispheric brain lesion on the survival and function of motor unit (MU) in paretic muscles remains unclear. Since a MU is regarded as the basic functional unit of the neuromuscular system, it is of great importance to identify pathological changes in the MU following stroke. Continuous efforts in this direction can explain specific mechanisms that promote functional and anatomical changes in the spasticparetic muscles. This can guide the development of effective treatments for stroke survivors.
To examine MU alternations in paretic muscles of stroke patients, both bioptic and electrophysiological studies have been conducted, and their findings are diverse and even contradictory [3] , [4] , [5] . In addition, these methods often involve painful procedures such as invasive detection or electrical stimulations.
Surface EMG is an alternative electrophysiological approach that enables noninvasive examination of MU behaviors. Various alterations of the MUs including their number in a single muscle and their structural/firing properties could be reflected by different morphological changes in the surface EMG signals [6] , [7] . On this basis, multiple methods for analyzing surface EMG interference patterns [8] , [9] , [10] have been proposed across broad research programs for clinical evaluation and diagnosis of neuromuscular diseases [11] . For example, common techniques involve counting of zero-crossings [12] and firing spikes [13] , measuring the mean rectified value (MRV) and the root mean square (RMS) amplitude [14] ; other options include power spectral analysis [15] , [16] of the surface EMG signals.
Studies of the EMG-force relation [17] , [18] plays an important role in identifying changes in neural or muscular components of the MU. Recently, the clustering index (CI) was proposed by Uesugi et al. [19] to quantitatively evaluate the clustering degree of surface EMG signals. It can effectively discriminate neurogenic and myopathic changes. In the CI analysis, surface EMG with a flat and dense morphology is likely to have an abnormally low CI value indicating myopathic changes. In contrast, a surface EMG condensed into a few discrete action potential spikes with large amplitudes corresponds to an abnormally high CI value indicating neurogenic changes [20] , [21] as a result of neuromuscular disorders or injuries.
Entropy can characterize the rate of information creation and is always used to quantify the complexity and randomness of a signal or a dynamic system that generates the signal [22] . Entropy-based measurements have been constantly updated to various versions such as approximate entropy (ApEn) [23] , sample entropy (SampEn) [24] , fuzzy entropy (FuzzyEn), and multi-scale entropy [22] , [25] with successful applications in biomedical signal processing such as electroencephalogram (EEG) and surface EMG, etc. [22] , [25] , [26] , [27] . For example, a novel approach of FuzzyEn called inherent FuzzyEn employs empirical mode decomposition and fuzzy membership functions to increase the reliability of complexity evaluation in realistic EEG applications [27] , [28] , [29] .
Of these versions, SampEn is a modified version of ApEn that overcomes bias caused by self-matching, relative inconsistency, and dependence on the sample length. It also reflects the overall characteristics of the signal with a simple but effective procedure and high consistency to analyze biomedical signals. As a result, advances in SampEn in analyzing short physiological time series including surface EMG has been demonstrated in many previous studies [24] , [26] , [30] , [31] , and [32] . In one example, SampEn was used to examine the biceps brachii muscles in patients with Parkinson's disease [31] , [32] . Another study reported SampEn of EMG was able to reveal higher structural complexity in patients with medial tibial stress syndrome compared with healthy controls [33] . In these studies, the EMG complexity assessed by the SampEn analysis was mainly used to discern differences between patients with neurological disorders and healthy controls. However, such differences were reported only at the subject group level. A lack of diagnostic power at the individual subject/muscle level truly hinders applications of this technique in clinical practice.
The primary hypothesis of this study is that complex neuromuscular changes occur after stroke in the form of various alternations of MU's structure and function, which can be better revealed and differentiated by a specific approach based on SampEn analysis of the surface EMG. Thus, the primary objective of this study was to evolve the SampEn analysis of surface EMG toward a quantitative examination tool for revealing neuromuscular changes in individual muscles/subjects. The SampEn-based approach described here offers diagnostic efficiency equivalent to that of the recently developed CI method by processing data from subjects with stroke. In addition, the diagnostic yield from both methods confirmed the complex neuromuscular changes as a result of stroke. It also studies whether there are different neuromuscular changes at different stages following stroke. We hypothesized that both subacute and chronic stages of stroke would exhibit differences in neuromuscular changes. We then tested this hypothesis using the proposed SampEnbased examination tool. Our work not only presents a novel method for quantitative examination of neuromuscular changes but also explains the neuropathological mechanisms underlying motor impairments after stroke. Thus, it offers guidelines for a better design of effective strategies or protocols toward improved stroke rehabilitation.
II. METHODS
A. Subjects
Twenty-five subjects with stroke (6 females and 19 males, age: 61±12 years old) and nine age-, weight-, and gendermatched healthy control subjects (3 females and 6 males, age: 67±7 years old) were recruited from the inpatient department of rehabilitation medicine in the First Affiliated Hospital of Anhui Medical University (FAHAMU, Hefei, Anhui Province, China). This study was approved by the Ethic Review Committee of the hospital. All subjects with stroke were categorized into two groups according to the duration of stroke. One group consisted of 14 subjects in the subacute stage of stroke (labeled as S1-S14, 30±11 days since the stroke onset; Table I ). The other group consisted of 11 subjects in the chronic stage (labeled as CS1-CS11, 46±27 months since the stroke onset; Table II ). The stroke survivors concurrently experiencing other neuromuscular disorders (such as multiple sclerosis) or brain injury as well as those unable to fully perform voluntary contractions on both sides were excluded. In addition, nine neurologically intact subjects without any neuromuscular disorder or injury (marked as C1-C9) constituted the healthy control group. All subjects gave their informed consent before every procedure. Each subject with stroke was examined with a detailed record following the Fugl-Meyer scale before the experiment; one therapist conducted all examinations. 
B. Experiments
Our home-made multi-channel surface EMG recording system is shown in Fig. 1 . The same system had been successfully applied in our previous work [34] . Here, each individual EMG sensor consisted of two parallel bar-shaped electrodes with a width of 1 mm, a length of 10 mm, and a betweenelectrode distance of 10 mm. This constituted one single differential recording channel (Fig. 1b) . The recording system was built with a two-stage amplifier (AD8200, Analog Devices; OPA349, Texas Instruments) at a total gain of 60 dB and a band-pass filter at 20-500 Hz for each channel. All recorded signals were converted into digital data with a 16 bit analog-todigital converter (ADS1198, Texas Instruments) at a sampling rate of 1 kHz per channel. The digital data were transferred and restored to the hard disk of a portable computer through a USB cable for further analysis. All recorded signals were displayed on computer's screen in real-time to monitor the quality of the data during the experiment.
The experiment was carried out in a quiet testing room to reduce the impact of the environmental noises. During the experiment, the subjects were seated comfortably in a mobile chair or wheelchair placed alongside a height-adjustable desk with their elbow of the tested arm bent at 90 degrees against the table. The data were recorded on both the paretic and contralateral sides of the subjects with stroke in a random order. For control subjects, either the dominant side or the non-dominant side was studied.
An EMG sensor was placed on the skin surface to target the biceps brachii muscle of the tested arm with its electrode bar perpendicular to the muscle fibers. A large round reference electrode (Dermatrode; American Imex, Irvine, CA) was placed on arm fossa cubitalis on the same side. The subjects were asked to generate a series of isometric muscle contractions of elbow flexion at different force levels. Meanwhile, the experimenter offered a resistant force toward the inner side of the tested forearm near the wrist to facilitate muscle force generation. At the beginning, the subject was encouraged to perform three maximal voluntary contractions (MVCs). No force measurement or feedback was required in this study. Alternatively, the MVC used here was defined when the subject performed muscle contractions with maximal efforts. This condition could be determined by monitoring the EMG amplitude and identifying its maximum across the three repetitions. The determined MVC was used as reference for generation of multiple force levels. In a following single trial, the subject was instructed to perform elbow flexion with graded increasing force levels, roughly corresponding to 10%, 30%, 50%, 70%, submaximal (90%) and almost (100%) MVC. The subject subjectively determined all force levels, which were estimated roughly in terms of the MVC percentage via the EMG amplitude. This protocol has been frequently adopted in clinical practice and applied in previous studies [35] . The subject performed a stable isometric muscle contraction at each force level for at least 3 s. As a result, the recorded surface EMG from the single trial exhibited graded EMG interference patterns. At least three trials were completed, and the subject performed more trials to produce a sufficient amount of data. The subject was given a sufficiently long resting period between two consecutive trials to avoid mental or muscular fatigue. The recorded raw surface EMG data were finally imported into the MATLAB (version R2015a, MathWorks, Natick, MA, USA) software for offline analysis. Fig. 2 shows a block diagram of the data analysis processes described below.
C. Data Preprocessing and Segmentation
The collected surface EMG signals were in satisfactory condition and of good quality. Thus, only a few simple methods were used to reduce noises. The recorded signal was filtered with a fourth-order zero-lag non-causal Butterworth band-pass filter set at 20-500 Hz to eliminate potential lowfrequency motion artifacts and high-frequency interferences. Then, a set of second-order notch filters were used to remove the 50-Hz power line interference and its harmonics. In each trial, the graded interference EMG signal was divided into several non-overlapping epochs, each with a time length of 1 s (equivalent to 1000 sample points at the sampling rate of 1000 Hz). These epochs were deliberately selected during stable isometric muscle contractions at certain force levels. Those epochs with obvious muscle force variation were discarded. By pooling all epochs with various force levels, we finally obtained approximately 30 epochs for each tested muscle.
D. CI Analysis
CI was used to quantify the uneven distribution of the processed signal. It contains three main steps to develop the CI method as a diagnostic marker including CI calculation, establishment of a normal range, and evaluation of abnormality with respect to the normal range in terms of a Z-score [19] , [36] . The main idea of using the CI method is also involved in the proposed SampEn-based approach, and thus we briefly review the CI analysis here as described in the literature [19] , [20] , [36] .
To calculate CI, the signal was divided into a series of nonoverlapping consecutive windows in a time length of 15 ms. Such a time length was recommended to ensure that a large and individual MUAP can be covered [19] . Suppose that Ai is the unitary area value of the t-th window in an epoch with K windows. The differential sequences of area value between every consecutive windows (DA t ), between every second windows (DB t ), and between every third windows (DC t ) can be calculated. The CI was defined as
The CI ranges from 0 to 1, and the especially high values correspond to highly clustered surface EMG characterized by isolated large MUAPs appearing like sparse spikes [19] , [21] .
The CI value was also modulated by the muscle contraction level [19] : The increase in contraction levels resulted in a lower CI value. The effect of contraction level on the CI has to be carefully modeled before this method is calibrated as a diagnostic tool. Prior users of the CI method reported an approximately linear relationship between the CI value and the EMG area (which was used to account for the contraction level) using a double logarithmic scale [19] , [35] . This was also the case for data in our study. Consequently, two valuesnamely a log(area) and a log(CI)-were derived from each analysis epoch and expressed as a data point in the CI-area plot.
The data points derived from a group of analysis epochs can be scattered to form a cloud over the CI-area plane. In order to judge abnormality via interference EMG analysis, the normal reference had to be established to calibrate the diagnostic marker expressed as the CI. In our study, the data points from the control muscles of all neurologically intact subjects as well as the contralateral muscles of all subacute stroke subjects were used to form a normal cloud. This was scattered into a favorable linear zonal region in the double logarithmic scale. To define the distribution of the normal cloud, linear regression analysis was performed on all data points of the normal cloud for both log (CI) and log (area). As explained above, the resulting regression line was used to model the relationship between the CI and the muscle contraction level for the normal data. Then, for each epoch/data point, the deviation defined by its upright distance between the log (CI) and the linear regression line was calculated. For all analysis epochs from each tested muscle, these deviation values were pooled and averaged to obtain a mean residual (denoted as Rm). Subsequently, we calculated the mean μ C and standard deviation σ C of the Rm values from the control muscles of all healthy subjects and the contralateral muscles of all subjects with subacute stroke. These muscles were used as the normal reference in this study. On this basis, a Z-score of the Rm was defined as (R m − μ C ) σ C for a given tested muscle. In the original CI method, a Z-score outside ±2.5 was routinely pre-defined as abnormal. In detail, a tested muscle with a Z-score higher than +2.5 indicated neurogenic changes while a Z-score lower than −2.5 showed myopathic changes [19] , [20] .
E. SampEn Analysis
The SampEn analysis was developed as a quantitative diagnostic indicator. To calculate SampEn from a time series x(n), a series of delayed vectors in the m-dimensional and m + 1 dimensional spaces were constructed, respectively. For a clearer description of the SampEn algorithm, the concept of match between two vectors is emphasized. A match occurs when the distance between two vectors is lower than a given threshold (the tolerance r). The distance was defined by the maximum difference of each corresponding element between both vectors. For a vector in the m-dimensional space, the probability of a "match" with all other vectors in this space (i.e. the number of match divided by the total number of vectors) was calculated. The final matching probability was obtained by averaging the probability values over all vectors in the space denoted as B m (r ). Similarly, the probability A m+1 (r ) can be computed for the m + 1-dimensional space. The SampEn of the time series was then defined as:
In the study, the SampEn was calculated for each epoch. In the SampEn calculation, we empirically set m = 2 and r to be 0.25 times standard deviation (SD) of the epoch to be processed. Such settings were recommended in previous studies [23] , [24] , [37] , [38] . Similar to the CI method, it is necessary to consider the effect of the muscle contraction level. When the SampEn was plotted versus the area of the epoch, we surprisingly found that the SampEn value maintained an almost horizontal trend with slight fluctuations while the signal area was increased. This horizontal trend was especially evident for the data from the healthy controls. This was also the case for stroke subjects but with relatively larger fluctuations. Given this property, the linear regression employed in the CI method can be straightforwardly replaced by an averaging approach. On this basis, the SampEn values were averaged across all analysis epochs of each muscle to obtain a mean SampEn denoted as Em. Subsequently, these Em values from the control muscles of all healthy subjects and the contralateral muscles of all subjects with subacute stroke were pooled together as the normal reference. Their mean μ E and standard deviation σ E were calculated accordingly. For a given tested muscle, we defined a Z-score of Em
Inspired by the CI method, Z-scores within ±2.5 are predefined to be normal with diagnostic purpose. According to the principle of SampEn, highly clustered signals tend to have a lower SampEn. Therefore, a muscle with a Z-score below -2.5 was pre-defined as experiencing primarily neurogenic changes; on the contrary, a Z-score above +2.5 was likely neurogenic changes. Please note that this pre-defined diagnostic criterion was reversed from that of the CI method to identify neuropathy or myopathy.
F. Statistical Analysis
There were three subject groups recruited in this study: two groups of stroke subjects had their muscles tested bilaterally (i.e., on both the paretic side and contralateral side) and muscles on either side of control subjects were tested. Therefore, all tested muscles can be categorized into five muscle groups by the subject group and side. A series of statistical analyses were designed to examine the effect of multiple variables (e.g., subject group, stroke phase, side) on diagnostic decisions expressed as Z-scores as well as to evaluate the diagnostic power of both methods in discriminating neuromuscular changes.
Four separate t-tests were applied on Z-scores between each of the four stroke muscle groups (both subacute and chronic phases combined with both paretic and contralateral sides) and the control muscle group, to primarily examined strokeinduced abnormalities. A two-way repeated-measure ANOVA was performed on Z-scores with the side (contralateral side vs. paretic side) as a within-subject factor and stroke subject group (i.e., the stage of stroke, the subacute stage vs. the chronic stage) as a between-subject factor, to simultaneously examine the effect of the side and stroke phase.
Prior to each test, an F-test was used to test variance homogeneity. All of these statistical analyses were carried out for the Z-scores derived from CI or SampEn, separately. To compare the performance of the two diagnostic methods, the results were analyzed via linear regression analysis. To verify the relationship between the SampEn of EMG and the muscle strength, one sample T-test was applied to the slopes from each muscle group; the slope of each muscle was obtained from regression analysis to the corresponding data points. The level of statistical significance was set to p < 0.05 for all analyses. When necessary, post-hoc pairwise multiple comparisons with a Bonferroni correction were used. All statistical analyses were completed using SPSS software (ver. 16.0, SPSS Inc. Chicago, IL). Fig. 3 illustrates examples of the SampEn-area plots derived from four representative muscles. This is visually observed in Fig. 3 -the SampEn derived from a single muscle maintains a flat trend with increased muscle contraction level represented by the larger area. When a linear regression analysis was performed on the SampEn and the corresponding area from a single muscle, the slope was almost equal to zero. More specifically, the average slope was 0.00051 for control muscles, −0.00354 for the contralateral muscles, −0.04271 for the paretic muscles of subjects with subacute stroke, −0.00274 for the contralateral muscles, and −0.03362 for the paretic muscles of subjects with chronic stroke. Furthermore, a onesample t-test indicated no statistical difference between the slope and zero ( p > 0.05). These results confirm our previous assumption presented above that the SampEn was almost independent on the muscle contraction level. This allows an averaging approach performed on the SampEn values of the analysis epochs for each muscle, which is simplified from the regression analysis and deviation calculation involved in the routine CI analysis. Fig. 4 shows seven 1-s analysis epochs of surface EMG signals selected from 7 muscles of four subjects in the three subject groups. These include one control muscle, both the contralateral and the paretic muscles of two subjects with subacute stroke, and one subject with chronic stroke. Examples of the SampEn-area plots derived from four representative muscles. Through visual appearance, these epochs have comparable area values, but their corresponding CI and SampEn values vary markedly. The variations in the CI and SampEn values could be associated with differences in the signal morphology. Specifically, the epoch with a relatively higher CI value tended to yield a lower SampEn value; the converse was equally true.
III. RESULTS
After applying the CI method to all analysis epochs, the results of the CI-area plot is illustrated in Fig. 5 for the normal cloud (including the control muscles of all healthy subjects and contralateral muscles of all subjects with subacute stroke) as well as with the paretic muscles in both the subacute stroke group and chronic stroke group. The data points from the contralateral muscles of all subjects with chronic stroke are not shown (to simplify the figure). For the normal cloud (light grey background), the CI showed a decreasing trend as the contraction level increased. This was suitable for a linear regression analysis (y = −0.075x − 0.811). The hollow circle represents the epochs of the paretic side of all subacute stroke subjects with a considerable part distributed above the normal cloud. The CI showed a more discrete distribution for the square from the paretic side of chronic stroke subjects.
Z scores derived from the CI method and the SampEn method are given in Fig. 6 for all tested muscles in three subject groups. Using the CI method (Fig. 6a) , the resulting Z-scores derived from the control muscles (0.646±0.425, mean ± SD) and the contralateral muscles of subjects with subacute stroke (−0.485±0.878) were located within the predefined normal range ±2.5. For the paretic muscles, 5 of 14 subjects with subacute stroke (0.986±2.059) and 3 of 11 subjects with chronic stroke (1.535±1.589) had Z-scores outside the normal range; these were diagnosed as abnormal. In addition, for the contralateral muscles of 11 subjects with chronic stroke (0.273±2.223), four subjects had Z-scores outside the normal range as well. By comparing muscle group means, no significant difference was reported between the control muscle group and any of other four muscle groups from the subject with stroke (p > 0.05). The ANOVA reported no significant main effect of either the stroke stage (F = 1.451, p = 0.241) or the side (F = 0.063, p = 0.804). However, the F-test showed that all four muscles group from subjects with stroke had significantly larger variance of Z-scores than the control muscle group (p < 0.05) despite the lack of significant difference in group means. Further, the variance of paretic muscles was significantly larger than that of contralateral muscles for the subacute stroke group (p = 0.002), but such a variance difference was found to be insignificant for the chronic stroke group (p = 0.533).
The Z scores of SampEn from each muscle group are reported in Fig. 6b . Similarly, we can observe that the Z-scores of control muscles (−0.827±0.555) and contralateral muscles of subjects with subacute stroke (0.591±0.765) were located within the predefined normal range ±2.5. For the paretic muscles, 3 of 14 subjects with subacute stroke (−0.575±1.620) and 3 of 11 subjects with chronic stroke (−0.252±2.166) had Z-scores outside the normal range. These were diagnosed as abnormal. In addition, 1 of 11 contralateral muscles in the chronic stroke group (−1.331±0.819) had Z-score outside the normal range. There were no significant differences in the group mean of the Z-scores for the control muscle group versus any of the four muscle groups from subjects with stroke ( p > 0.05). Besides, the ANOVA reported no significant main effect of either the stroke stage (F = 2.204, p = 0.151) or the side (F = 0,102, p = 0.753). However, variance analysis showed that any of two paretic muscle groups in both subacute and chronic stroke had significantly larger variance of the Z scores than the control muscle group or any of the two contralateral muscle groups ( p < 0.5).
When referring to diagnostic decisions for individual muscles, Fig. 6 shows that three subjects with subacute stroke (S3, S6 and S7) concurrently had Z-scores of the CI above +2.5 and Z-scores of the SampEn below −2.5 for their paretic muscles indicating neurogenic changes in both methods. A total of five paretic muscles (S3, S6, S7, CS3 and CS10) were diagnosed as having a neurogenic abnormality by both the CI method and the SampEn method. The paretic muscle of S5 was solely diagnosed as a neurogenic abnormality using the CI method. The paretic muscle of CS6 was consistently diagnosed as a myopathic abnormality by both methods. The paretic muscle of S4 had a Z-score from the CI method above +2.5 indicating myopathic changes, while the Z-score of the SampEn method was in the normal range but very close to the boundary approximating myopathic abnormality.
For the contralateral muscles, CS3 had a diagnostic decision of neurogenic abnormality consistent with both methods, while CS5, CS9, and CS10 had such a decision solely by the CI method. The results from the two methods are somewhat consistent: The high CI values tend to give low SampEn values, and we used the Z-scores given by the two methods as two axes to form a scatter plot of the results for individual muscles as shown in Fig. 7 . These data show that all data points were distributed near y = −x showing a negative correlation between the two indexes. A regression line (y = −0.74x + 0.03) was obtained via linear regression on the two Z-scores of all muscles; the determination coefficient R 2 was 0.782, which represents high correlation between the two indexes.
IV. DISCUSSION
A novel interpretation of the SampEn as a surface EMG biomarker in examining the complex neuromuscular changes is presented here and applied to hemisphere stroke. The primary findings of the current study include: 1) SampEn can be used as a feasible biomarker for clinical diagnosis of neuromuscular lesions, and it has similar diagnostic power as the previously developed CI method; 2) It is feasible to reveal complex neuromuscular changes, either neurogenic or myopathic, at work in the paralytic muscles following stroke with respect to healthy control muscles at the subject group level; 3) The mixed SampEn patterns can be observed in both subacute and chronic stages of stroke, but the underlying processes contributing to the SampEn abnormalities may vary markedly with stroke stage. 4) The contralateral muscles of subjects with stroke may be somehow affected by the hemispheric brain injury as well, appearing related processes in the neuromuscular system.
A. The Efficiency of SampEn-Based Method
In this paper, SampEn was developed as a biomarker through a surface EMG examination. It successfully achieved quantitative assessment and discrimination of neuromuscular changes in the paretic muscles of stroke victims. The SampEn analysis demonstrated its diagnostic efficiency by giving a relatively consistent outcome with the previously reported CI biomarker. In a few cases, the SampEn method and the CI method produced different diagnostic decisions on the same individual muscles due to their different calculation procedures. This suggests different sensitivities of both biomarkers to various neuromuscular processes indicating the potential to combine both biomarkers and others toward a more accurate examination approach. This can fuse their complementary information.
Next, a calculation procedure (using a tolerance locally determined by the epoch to be processed) showed that the SampEn was independent of muscle contraction force/level. This is inconsistent with previous studies reporting that the SampEn of surface EMG is somehow regulated by the muscle contraction levels/forces [24] , [26] . Such a disagreement can be attributed to different tolerance schemes in the SampEn calculation. Previous studies always adopted a fixed tolerance across a set of EMG data. Such a global/constraint tolerance scheme takes the signal amplitude information into account and allows the resulting SampEn to be correlated with the muscle contraction level [37] .
However, in this study, we specifically employed a local tolerance scheme to adaptively select a tolerance for every signal. Thus, the resulting SampEn was mainly focused on the signal's structure characteristics other than its amplitude. By using this force-independent character of the SampEn calculation, it is straightforward to simply average SampEn values over all data points from various muscle intensities for the tested muscle without considering the force effect. In this regard, the proposed SampEn-based examination approach was further extended to consider the convenient feature of the CI method without the need for accurate force measurements. Such convenience (no force measurement and simplified calculation) can also explain why SampEn was selected from various entropy measures. Therefore, the SampEn-based method presented here involves an even more simplified and convenient protocol for manipulating the surface EMG examination of neuromuscular changes. It is especially suitable for clinical practice.
We note that the proposed SampEn biomarker as well as the previous CI biomarker is sensitive to noise contamination in the surface EMG signals to be processed. Therefore, highquality data recording with high signal-to-noise ratios are always required. In this regard, we pay particular attention to the experimental design and signal denoising preprocessing. This issue would be satisfactorily addressed considering the development of advanced sensing technologies.
B. MU Alternations Following Stroke
Of the 25 stroke subjects, four subjects with subacute stroke and four subjects with chronic stroke had abnormal SampEn decrease and CI increase. This indicated neurogenic changes in their paretic biceps, which might be related to the MU loss and remodeling of surviving MUs. MU loss caused by transsynaptic degeneration or disuse of spinal motoneurons after hemispheric brain lesion can lead to a decrease in the number of MUs and denervation of muscle fibers [39] . This process might also occur at a very early stage of stroke and continue for 1 year [40] .
To maintain the capacity for motor function, the structure and type of the surviving MU undergoes adaptive changes in which the reinnervation of the denervated muscle fibers is a typical process. This contributes to an abnormal enlargement of the surviving MUs [41] . The enlarged MUs subsequently produce abnormal MUAPs with multiple phases and greater amplitude, finally overlying into sparse isolated and highly aggregated EMG signals. In addition, altered MU control properties may simultaneously occur in the paretic muscles. For example, the reduced MU firing rate [42] , [43] , [44] , the compressed MU recruitment threshold [39] , [45] , and the increased degree of MU firing synchronization [46] -as well as the supplementary recruitment of enlarged MUs during muscle contraction-might eventually lead to an abnormally high CI and a low SampEn.
One subject with subacute stroke and one subject with chronic stroke had their surface EMG signals from paretic muscles characterized by abnormal CI decrease and SampEn increase indicating myopathic changes under the diagnostic criteria of the original CI method. This could be related to muscle fiber atrophy (i.e., wasting of muscle fibers) as the main cause of myopathic changes. Atrophy of muscle fibers, especially type II fibers, was reported in paretic muscles in stroke [3] , [47] . This could also be attributed to differential loss of larger and superficial MUs in the paretic muscles [48] . These circumstances might lead to flatter and denser surface EMG signals characterized by lower CI values as well as larger SampEn values. Please note that the differential loss of MUs is truly a factor of neurogenic changes other than myopathic ones. This implies limitation for traditional distinction of both neurogenic and myopathic changes by using the CI method. Therefore, it is necessary to supplement and even revise the interpretation of CI results to draw diagnostic conclusions given these stroke findings.
We still found that the paretic muscles of most stroke victims had Z scores derived from either CI or SampEn within the normal range. However, substantial muscle weakness was reported for these muscles. This may be attributed to a deficit of descending central drive as a result of the damage of central nervous system, while the muscles in the paretic limb still function more or less normally [49] . Here, despite the reduced number of activated MUs, their recruitment and control pattern remains similar to that of healthy controls. Thus, the surface EMG signals produced by these paretic muscles are not markedly different from those by healthy control muscles except the compromised maximum of voluntary muscle contraction level. Moreover, another possible explanation for the distribution of the paretic muscle data in the "normal range" is the simultaneous occurrence of both neurogenic and myopathic processes resulting in a combined and cancelled effect without discernable abnormality [35] .
C. Comparison Between the Subacute and Chronic Stage of Stroke
For paretic muscles, the subacute and chronic stroke groups both showed no significant difference in group mean and variation of Z-scores derived from either the CI method or the SampEn method. This highlights their similar Z-score distribution patterns. This finding suggests that complex neuromuscular changes involving both neurogenic and myopathic processes might occur in the paralytic muscles over the long term over multiple stages because stroke onset and stroke severity vary across subjects.
The two groups of stroke subjects were categorized by the stage of stroke. They did not show any distinct difference in the diagnostic decision at the group level. The underlying factors contributing to the observed diagnostic decisions still vary significantly for the paretic muscles of individual subjects. For example, axonal or neuronal lesions can lead to collateral reinnervation in the first month since stroke onset (equivalent to the acute or subacute stage), and spontaneous activities can be observed in the paretic muscles [41] . In terms of compensation, the number of MUAP phases and turns increase, and this is a main factor contributing to neurogenic changes. This process could diminish within a year [41] . In the chronic stage, however, collateral reinnervation occurs during the subacute phase and results in many enlarged MUs. This contributes to observed neurogenic changes in the paretic muscles. Importantly, the factor of muscle fiber atrophy occurs in the chronic stage rather than the subacute stage. The differential loss of larger and superficial MUs remains the primary factor accounting for decreased CI and increased SampEn abnormalities for subjects with subacute stroke.
D. Abnormality Shown in Contralateral Muscles in Chronic Stage of Stroke
Surprisingly, contralateral muscles in subjects with chronic stroke were also abnormal. They had significantly larger variations in Z-scores (derived from either CI or SampEn) than the control muscles and contralateral muscles of subjects with subacute stroke (Both muscle groups were used to establish the normal reference). Furthermore, the contralateral muscles in chronic stroke showed no significant differences in group mean and variation from their corresponding paretic muscles. This indicates their nearly similar distribution pattern of Z-scores.
Specifically, four contralateral muscles in the chronic stage of stroke were diagnosed with Z-scores of CI larger than +2.5. Of these, one muscle simultaneously had a Z-score of SampEn lower than -2.5. These diagnostic decisions indicated neurogenic abnormality with potential processes as discussed above. The literature has shown that the unilateral lesions of the hemisphere have significant bilateral effects on the generation and control of upper limb muscles [50] . This generally explains the abnormalities found in several contralateral muscles in the chronic stage of stroke in this study. Of the four subjects with abnormalities shown in their contralateral muscles, one subject also had a paretic muscle diagnosed as being neurogenic abnormalities and another subject had a Z-score of the paretic muscle very close to neurogenic abnormality/normality boundary. The coherence of the neurogenic changes between both sides is consistent with previous findings showing that the abnormality in contralateral muscles depends on the degree of stroke severity [51] . The abnormality found in the contralateral muscles in our study suggests that the hemispheric brain lesion after stroke might lead to progressive neuromuscular changes in the muscles routinely regarded to be unimpaired-this effect is more pronounced in the chronic stage of stroke. Thus, the approach presented here is also suitable for examining impairments in contralateral muscles, and this should not be neglected in the management and rehabilitation of stroke sequelae.
E. Limitations of the Current Work and Future Expectations
The current work only focuses on the development of a surface EMG biomarker for examining stroke-induced neuromuscular changes. It should be acknowledged that at the expanses of quick and convenient implementation, the SampEn method and the CI method have limitations in discriminating specific MU properties that collectively affect the interference surface EMG signals. Although the proposed SampEn examination offers a useful assessment of neuromuscular changes, more analytical approaches including muscle imaging and EMG decomposition at the MU level are required to provide supplementary information. A more delicate picture of MU alternations as a result of stroke can be interpreted via fusion of more information from different approaches and techniques. Our future efforts will be focused in this direction.
V. CONCLUSION
The SampEn was developed to analyze interference surface EMG signals to assess the nature of neuromuscular abnormalities. These data were classified into two categories in terms of abnormal SampEn decrease or increase, respectively. Its efficiency in discriminating neuromuscular alternations was demonstrated by yielding comparable diagnostic performance with a previously reported CI method when they were both applied to surface EMG data from subjects with stroke. Mixed SampEn (or CI) patterns were observed in paretic muscles of subjects with stroke indicating complex neuromuscular changes as a result of this brain injury. Two categories of SampEn (or CI) abnormalities were observed in both subacute and chronic stages of stroke, but the underlying processes contributing to the observed SampEn abnormalities might vary markedly in stroke stage. The SampEn abnormalities were also found in contralateral muscles of subjects with chronic stroke indicating the necessity of applying interventions to contralateral muscles during stroke rehabilitation. The SampEn method-along with its fast and simple implementation in clinical practice-can provide valuable information about post-stroke neuromuscular changes. This helps in the design of effective and individualized stroke rehabilitation protocols toward improved motor function.
